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Si8Mg5.45Li0.4H4O24Na0.7 +12H
++8H2O → 0.7Na+8Si(OH)4+5.45Mg2++0.4Li+.
NF'?O
 	 	  !   )    %%  "	
   N $O 0   %	% 0 2MΩ' L $  
  ;PJ'H'  %  %   ) /  
 '    %  ?   % 
%    %)'  %  (  4  %&
 /.  /% %   CO2 %) V@FW ) $
 &' L       &  !  .
@G
  	

     
	 F'? U NO   )   N$O  /   '
 $   %  NO %      % 
 ( 9! #     &'
  0 &  .   1µm     %  '
/X  /%  % 0    '     %
 %&    %&  &'
" !   !   & &    & V@F! @GW'

   0 1wt%!    )  & ?@D "! 
 	  ( ' 
   0 3%!   	  
 F   GD     &4  % )   	
%     Mg2+   !    ; 
N& %)'F'?O      CO2' #/  %&   / ) 
&    /4'  &   % 
 4 $ $ / %  /'
$ 5  #   

   !        %
$      '1 VH@W' # %  %% (  
   & .%       %    
    * _ 0    $-     &'
9 & % /. ) / &  (   %) 
 -$'
 %     % 0  -  ! R /
 & /% %)    Z(tw, ω)   % 
$   SZ(tw, ω) N&  'F'CO' #   -$ N%)' C'FO!
 % *&      /  (  
/    (%)  
# $
 !% 
&   '   $ 
Teff(tw, ω) = πSZ(tw, ω)/2kBRe [Z(tw, ω)] NF'CO
/% %)  /%      *    
 (!      &   !  ) /	
(      %   * ( _ 0  %  
  $- V@@W' #   %% &%    ) 0 )
% 0  ) V@HW  / ) /* (  )
_ 0  ('

  )  %%  !  %%     Y
   $   ( 0  $ (%)' 
 %.)!
   %    %&   &  % )
    25cm2'  %&  %   $  N&  'F'CO
         $ 0  % %)
 ' +      $!  %    8
&%  300Ω 0 100KΩ' 9 &%. )  -)  -  % 
  &   %  ' 
  %   /& 105Ω! 
(%)     	# %)& N%   %   
$-   %  O  /& 0.02Hz'   /  	
  (%)     /%     %$'
  !  $       /.  %$ 
  $ ) % 8 )  5  ('
	   
  ' F'E NO!  & %   %  /%  
(   (%) f !   % -)     /
*%' /%&    %  /   %  %
  ' F'E N$O        %T  (Y  &  24h!
  )  % /    /%)$'  &
  16%  ?I ' # &   &  )  %% $&% 
 %  *   V@JW'
#   &  /% Re(Z)  ($ % 
    (%)!    0    (  9-) ) 
      %  $   SZ ' !     &
  ' F'F!    8 ( &%    $ (%) 
     %  SZ      
      &   ) 0  (%)'

#
&   %      % *& 
 ' F'G'


       (%)  %&%!  5  

     !"#$ # % % & $'# '#( )$ *  #(( # 1/f ')!
(# ( #'+, %%* !*$'#"- .' %%*'# " * 1/f %%/ *+# *'" #
$'# ,# %'( % # %'#* ,# %  ) *0%%*- # #' $***1 * #02
 % ( %'#* ,# %%*"!-

 %!#'# ** ( * +%! 3$) (# * +*'# #+!"  * %#
( $! ( * !%'# #  '#$'# ( * $'!*'#1 + $* #0 % %" %' #' ('##! ,%!4
+#* 5 * 26+ !# *+# (% 1 *  '#$'# ( !%'#  %'$7 (0# ('#
(*1 # * 8  *+# # %'# (# $ %!#'#-
  	

     
G
R
0
A
Vexc
(bruit blanc)
Vout
Analyseu
de spect
Z
Electrode plaquée or
Laponite 2.5 wt%
Cellule en Plexiglas
	 F'C U / (1 /% % Z    N
7cm! % 3cmO  &      2.5wt%'  %
    & /  %& /-'     %
 0    ) /  % 0 /%  /.  
($ $ %%   . G' +& /-  !  
    % (%) FR(ω) =< V out/V exc > N (
/ +O    S(ω) ∝< |V out|2 > N & / +O' 
 /% V exc   $ $!  0   FR(ω)!   %&
/% Z(ω)  (  ω!  )  Z(ω) = R0/(G/FR(ω)−1) =  )/0
  S(ω)!     $    Z  SZ(ω) = [S(ω)− Sa(ω)]/G2
R Sa(ω)   %   $  /.'
  % %      N300KO =  )    
Teff  ")/0 3.10
3K 0 1Hz'  !  /&  &%   %
%  &      % *&    
' 
 8 _ )  & $&% /   0  (  
% %!  &    &   %-)
 ;          ) /% %) 
    8' 
 %.)!  &    & 
 NaOH   / 0  10−3 mol.l−1'  %  
 Teff  %   .'F'I 0   *%   % 
/%'   !  /&  $&%  &  5 )) 
  /'
# $
 !% 
&   '   $ 
<= <&=
100 101
80
82
84
86
88
90
f (Hz)
R
ea
l p
ar
t o
f i
m
pe
da
nc
e 
(kΩ
)
t
w
=3332s
t
w
=44825s
0 1 2 3 4 5 6
x 104
80
85
90
95
t
w
 (s)
R
 (k
Ω
)
	 F'E U ) 9 	     3wt%1 NO %
 (%)  /%  /%    / *% 
N	O tw = 3332s = (•) tw = 44825s'N$O  &    %' #
 %&      &   ' %
 %   $%         
(  !  &% %) '
10−1 100 101
10−14
10−12
10−10
248s
1.5h
5h
10h
45h
S z
(f,
t w)
 (V
2 /H
z)
f (Hz)
	 F'F U 	1 %  $     % N 
  3wt%O  *%  /'   4 %
  %  5'
$ 0      

  / / -)     -$	
!     &    '1 ) & %  Teff
  	

     
100 101
103
104
f (Hz)
T e
ff(f
,t w
) (
K)
t=248s
t=1.5 h
t=5 h
t=10 h
t=45 h
TFD
	 F'G U > ?'   )1 5% *&  (	
   (%)  *% X  -' # SZ   'F'F! Teff
 (      &   $ (%)  
  & '
100 101
102
103
104
105
106
f (Hz)
T e
ff
t=0.4 h  
t=5 h
FDT
	 F'I U > ?'  	  NaOH 	  1 
% *&  %  (   (%)    *%
  %' #    ;     !  
& / $&%     )   &'
      	    VF?W!  & 
-%   $    $     '
# $
 !% 
&   '   $ 
  .' F'@ NO!   %   -) % 2h   %  !
)  5  ( &%'     .' F'@ N$O  %% % ) 
-  %   5  (      (%)'   
  !  & % )/ -     *%' 
   .' F'@ NO         ) 
$   (   $    0 $ (%) N&
.' F'FO' )   /%! /    %     C
 %( &     ' !  .  T
    &      .'F'@N$O %  50h )  5
 ('
<= <&=
0 50 100 150 200
−3
−2
−1
0
1
 t
w
 (s) 
 
V 
(µV
) 
0 50 100 150 200
−3
−2
−1
0
1
 t
w
 (s) 
 
V 
(µV
) 
	 F'@ U -/   " 6 3wt%71 NO   $! C
   %   ! )  5  &%' N$O  -)
 $ )  5 /  &% Ntw = 50hO
L  %   
    (   / tw 
 '  
 %  *%   % .' F'H' L & )
  tw   $ %    )   0
' !  (   &%  tw ≥ 16h' # %&
 
 )  )        %$  
&  $    '
  	

     
−2 −1 0 110
−5
10−4
10−3
10−2
10−1
 V (µV) 
P(
V)
	 F'H U   "' 
 -)    $ 0 *%   
% N  3wt%O! &   &  $  (...)tw = 1h, (−−)tw =
2h, (+)tw = 50h'     $ 0    %  5'
$$ /?
   

     #

 ( /   &  5      ! 
& %%  % /%  ( &     
1wt%! 2wt%  3wt%'   %   8 ) %%'
L  %%   .' F'J  %  $     
&    2wt%' L  & )  &   ($ 
 /  1%   G  ' 6 /-       	
/     V@FW'   0  .  /%!  &%
     /  %    "     
/' L   ) )/0  ($   % %)
       ?DE2Ω  JD2Ω 0 E%'     
5  &%     &   .' F'?D' /   & 
 8    ) %%! )   	  ' L
 %    %   $ T  Y 
%  (  ftb & b = 0.5± 01 VFFW'
 %   %% %     1%  
 '   !  % %   CDD2Ω  %  ?I 
 &  1%'    !    &  8 
  ) %%' L  %   %  
$ )  Y  %  (  ftb! & b = 0.5± 0.1
/%   %  %' 
 -  &	
$'
 ( )  &%  ) / %    
   0      )   $ / 
# $
 !% 
&   '   $ 
0 1 2 3 4 5 6
x 104
1.025
1.03
1.035
1.04
1.045
1.05
1.055 x 10
5
 t
w
 (s)
R
(20
Hz
,t w
) (
kΩ
)
	 F'J U  	   ) 4 2wt%1  &   
%' 6 /-     	 0  ' 9%  $&
 % &  1%   G  '
!   0  %     ) (  	
   %"0 %  '   -)    
   )     !  0 
 )  NaOH R    ' /    
%     )  '  /  !   %	
  (      *%  ) %
   *%  /' 6  	8 %  ( 
% 0    ($ ) ?%     0 
 %) %'
$( 1

 $ %   %'     0
&%. ) / $&%    %)  %% 0  %	
 ' 
 !   % /*    * 
    ) 5# N5 & #O VG?! GCW   	
   8      (   %)  $
)'  % /%& N  $O     
   / )  K N%)O '
#   %     %'
  % /  0 %      '  
*!  $ & %) %  .    
NVG@! GIWO' 
     %%   +'
-'  S% 
  %       % (%)' 
 ! 
    $ %)'
  %  0 "   &   
  	

     
100 101
103
104
105
106
 f (Hz)
T e
ff(f
,t w
) (
K)
t
w
=248s
t
w
=1.5h
t
w
=5h
t
w
=15h
TFD
	 F'?D U > ?'   ) 4 2wt.%' Teff  (  
(%)  *%   &'
8 _  $       &%. )  5  0 & &%'
  ! "/ %%  % % ) $  
*' 9%  %    4 %  " 
 ' 6    % /*     
 Mg2+  & %% R /  &     
	 %$    &4V@FW'
#
 &!!-
;)    %   !  (   %	
  ) "/ &%'
  & %    5   & -%)
& %% (  '1    VF?W'  - )/ &  % 
-%- %- N
+!       O!  /
   $  /    %' 6 /% %
0   $  $ %    %! %%  
%! -  % )!   /.'
$ 1  '"!
 
+   %  $ %%    VHHW' 6  %"0
( /$"  $ %   %) VHIW!  %)!
 %) VIEW'
  &  '1  /* % VH@W ) . %"0 
# $
 !% 
&   '   $ 
  &    &  -!   &  
% $ /$&  &  5   %  (  
%)'
 ( )  
+   & 
C
CH
n
3
O C
C
H
H OR
	 F'?? U  )  -- -'
 %   &   EHH7!     &
 %    GD7 	  Tg' L   &   
 %   &'  %  &  Tf = 343K' 
 α 0  %  0 10−4Hz    β  0 @;4'  %
& %  %   
+   
3+  %  Tα
  Tβ  (  /%     VHJW' 
 !  
%  1µm!   β 0 Tf & ?2;4'
$ 2 "
  ! /% %   ) /% e = 6µm 
 - CG ' 6  %   %  &'  $  &
 %  % 0 / /  '  %  % 0
/% /   
  7 ) 	8  $%     ' 
-  %)  $'   &% /    )/
&       Tmax = 413K 0 Tf = 343K N0.89%TgO  ( 
H'I !  7K/min'  $%     $ N 
?%  & /  0 /O' + ) %  *  F
 0 Tmax = 413K  % / )  /%' /
    )  %  /%   Tg'
$ 5"   
 

#  /& & %%! /%  %) 0 $ (%	
)  8 %%   % R   0  % C' 
 
!   0 /%)  -   ;
EGIC+ ' L (  %
    (%) VD'C;4	FD;4W N0 /%)   &   0 
$ (%)O'
 .' F'?E %  &   %  ?E   ( 
tw  *% (%)' + ? ;4!  &  ($  18%  ?E  
10%    ' L  ( &    &
 
R(Tf , f, tw) = R
0(Tf , f, 1s)− R1(Tf , f)log(tw) NF'EO
  	

     
echantillon
circulation d'air
cage de Faraday
PEEK
connecteur
electrodes
	 F'?C U 
  /% %%      
+'
& tw  '
L     % &    - 
R(Tf , f, tw) =
A
fα(tw)
(1 + Bln(tw)) NF'FO
102 103 104 105
330
340
350
360
370
380
390
400
410
T 
(K
)
 t (h) 10
2 103 104 105
0
0.5
1
1.5
2
2.5
3 x 10
8
 t
w
 (s)
R
 (Ω
)
	 F'?E U NO; ) -)  /% %%' N$O  &  
%   (%)  (   tw   
+ 0 EFE7
& N∗O ?;4!NO C;4!NO G;4!NoO ?D;4!NO CD;4!N·O ED;4' 6  $  
  %   $ T N&     %O'
 .' F'?F %  &  R   C  (  f 0 Tf 
tw = 8   tw = 13 '  % %   .' F'?F O  &
) R = R(1Hz, 8min)f−0.44±0.005  R = R(1Hz, 13heures)f−0.43±0.005!  C =
(C(1Hz, 8min)−C0)f−0.57±0.005 +C0  C = (C(1Hz, 13heures)−C0)f 0.60±0.001 +C0'
# $
 !% 
&   '   $ 
100 101
108
 f (Hz)
R
 (Ω
)
t
w
=8 minutes
t
w
=13 h
fit en 1/f0.44
fit en 1/f0.43
100 101
100
 f (Hz)
C 
(nF
)
t
w
=8 minutes
t
w
=13 h
	 F'?F U NO  &   %  (   (%)   
+ 0
Tf = 343K! $O  &   %  (   (%)   
+ 0
Tf PEFE7' L  %     "     N&
     %O'
L  & )  % %&       N6%  ?E  0
?;4O'
L $&      &   ) /  ! 
 (8   % .%!  )  (%) ' 

!   /%  ft /  $ &  % %'
$$ 5
  #
 .' F'?G NO %    $   %  SZ(f, tw)'
#   %% %% 0 /   %. *% % &
 %  ?,Ω'   %!       )
  -   ;
EGIC+'  . % /%&  SZ(f, tw)
  ' L  &   %  (  ' / 	
)     $&  %&  5 $ )/ -  ?DD
-  ) '     $ ) &  
/) 96FF@C   %  & /-    	
      "   % % 0  $% 
% '
1 )  
+    !     $ 0 /%)
R  %% (   /%  S     &   .' F'?G
N$O
# .
9 & %$ %     $  
 & %     '1  %  %.! 
-   %%)     %%  /%
  	

     
10−1 100 101
10−15
10−14
10−13
10−12
 f (Hz)
S Z
 
(V
2 /H
z)
TFD
t
w
=20 min
0 1 2 3 4 5
x 104
4
4.5
5
5.5
6
x 10−14
 t
w
 (s)
S Z
(t w
,
7H
z) 
(V
2 /H
z)
	 F'?G U NO 1 )  
+ % 0 Tf = 343K  (  
(%) 0 tw = 20 ' L  %    % %  
5 % 0    % (%)   ) Teff = Tf ' N$O 1
)  
+ 0 @ ;4  (  tw'    %  $
) 0 @;4 %   5 0     % (%) 
% ) Teff = Tf '   0  $ (%)  '
 
+ %' !      0  &  5' 

           7K/min!  % % &
     &   '   0 /-  
)  % (%)  -)'
 /   % &  $   -$ 0 0.93%Tg!
 & )   -)   0  $&%     
     
+ % 0  &  7K/min!  /-   /	
  Teff     Tf !   ) / /    
0 /%) &  - %' 6   %  %  

+  - /%  (     $ ) 
  $   % &   96FF@C N)   % %)
 CF $  ?I $  %  /-  O  / 
&    &%.   -)    T
 '
	 *
#  
 
	%
% &	 	  		
( 1 2   " 
#  /& &  !  Teff   & %!  
  %  /$&$ ) / ' 9%!      %	
    % VEEW! VEFW! VEGW!  % & %  %
 Teff &   /$&$ %!   %)  /&
)'  !     K	  %% %% 
 %% %)    VFGW' #      &	
  5  0  $ /!    %)
VFFW' A    %  Teff   0 /$&$ %  
  -$ B 9 %    %)  Teff  
&  -$'  % %  /  S%
)!  .  %% %'   % (   
K ) /   -$ & 0 /%% 
)   % .%'           
/  -   )'   $ %' 9
&  %    &     (%   	
 .%   $  ' 9 /&   S  $%'
    %.&  % /   -$ 
        %% ( %    
 =       4  /*   '
( 0     
  '
&
6 / /%  %% &%) / - !  -	
$!  /* /  %) N $ )O  
&'  &   ($ !    % (
%) N %( )O' L  )  %   N/
  / -   %O'   %)  % 0 G
HJ
  	

     
N  O  E N  O' 
  -$! E = 2.2GPa
 G = 827MPa' 6!   % &)  %%   G
'     %   (%)!    
 -  N  /  GPa 0 $ %O!   T 
*     ( N& %  )
&% /    /O' 
    &  &
&  %(   * &%)  '

  /   &) %     -$	
  0   ) Fext!  %   (  
-)' L  )      ($ '  
 -$ %  (    - −(k + iη)x'
 
x
βα
u
M
L, m
	 G'? U L /  &)     0  "' L /	
% 0  &$ x N$    mO  % /%  '
   / $  K ($ VJCW!     &  k = Eae
3
4L3
!
R a      ! e /%     L  ' L 
)   -$ η   /  0.01k VHHW'  &%  %$  
  4'      M !   *&     m' L
 )      %  $   ! )
/      &% ) ' L $ 
(m + M)x¨ = Fext + Fmateriau NG'?O
 %  %   0  ( % /%  
χxFext =
x
Fext
=
1
k − (M + m)ω2 + jη NG'CO
  % 0 /$&$ x /% 
Sx =
4kBTeff
ω
Im(
x
Fext
) =
4kBTeff
ω
η
(k − (M + m)ω2)2 + η2 NG'EO
   K )     -$ 0 / 
/%)' G'E! & E = 2.2GPa! ν = 0.33! e = 125µm! a = 3mm! L = 28mm! m =
( 
 
   !" 
10−1 100 101 102
10−12
10−11
10−10
 f (Hz)
S x
 
(m
.H
z−
1/
2 )
TFD à Tf
	 G'C U    $ )     -$!  	
 ) Teff = Tf = 333K'
1.1550e− 005kg N%O  M = 1.2000e− 005kg NO' L $&   .'
G'C )/0 ?;4  Tf = 333K! Sx ∼ 10−11m/
√
Hz =  C    
($ )  /% %  '1    VFGW' 9%! 
  ($  & 8 %% 0 /  /(% *%
 0    %  - / %)'
%
 - 	 +		 /		
( 1

  ) %  $%  /(%  92 VJEW' #
)      &    %!  / 
10−13m/
√
Hz' L   )/0   K    '
 -   %   .' G'E      
!  4     %  (%'
    % /  ;	9 Nλ = 633nm±10−15mO $%
 (%) 0 ?;4!  ($  N?'G ^  -O'    	
-  /%&     %K   &    )
%$  ' 
  (  %      .$ )
	 0   ' 
     %! 
 ( &  (   8   .$ N/   7µmO 0 /
/  &' 
   % )!  .$  % 
   E & %) N  ) O'  
N 5-   <) O %  (  K  
   .$'     & x+ y'  ( $ 
    &' L  (    0 /    Lc'
+  !  (           
% 0 FG
◦
  0    /' L    (  
%%  F! /  %K%    .%     -$
  	

     
 /    .' #/ 0  &   )/ % ϕ 
    (!  0  *%   ) 
ϕ = 2π
λ
δ' +!      2π  /   ! 
  0      ' 
  ( %K%  
$%   !  %   $ % ")/ (
/-'
  !  4 /-  *% / (%  9	
2 )   %   $ )'  ) $!  
 %%   (        ^!
 / )  % 0 FG
◦
  0    '  % A 
B  ) -  (   *%      
%  & 8 %   !    A  B 
 ( <  ϕ'    $ /-!   ) /
 "% &    ^  &  π/2 0  *% 
     %' L %     
ϕ 0 /     C '  % ϕ   
%%! ) / T     '
( 
 
   !" 
 	

  
 
 
  
 Lc
 Ld
E0x+ E0y
 
E0y E0ejϕy
E0x E0x
x
y
z
   
E0z+ E0ejϕy
 Ld
!  "
!  "
E′0(1 + e
jϕ)(z + y) E′0(1− ejϕ)(z − y)
E′0(1− ej(ϕ−π/2))(x − y)
E′0(1− ej(ϕ−π/2))(x + y)
E0x+ E0ej(ϕ−π/2)y
 λ#$
%
ϕ = 2π
λ
(δrapide + δlent)
	 G'E U 9& ?1     %   	
   -    %' #  -  $%
  8  )  %K       .%   	
'  %   ϕ     &  *% 
 )   4  ' /-   -  ( 0 / /
 ^! % 0 45◦   0  '   & Ld 	
       )  (  /(%'  
   % %      ( < 
ϕ'   $ /-!  )  %% "%   ) /! 
  %  ϕ! ) /   %  
    /'  δlent  0  %& )     
!  )  δrapide   % )  %'
  	

     
( % "
	 G'F U 3  /(% *% 0  $'
 . G'F     /(%' ;)!  
%%  ;'1$2  ',-  %%     ) *  &%	
   & VJFW' 
   $%  /(%!  ( )
/%   %&%' !  %% ) 
   % 
U  ;	9 N , DG5
JDEO  %   1.5mW '
U 6  - N#L @??a@CDO  4%N% (  
%) ) /    FG
◦
 (O'
U  %  .$  12% N    8     (! /
 )  %  & %)  SO
U %  ( N , DE1DFEO  87.5% N50% 0 ) !
 	    $       O'
U 
   N , DE

D?CO'
U 
  ^ N , DE

^DDEO  50%'
U  & N9Z 7
#DFDO  4% N    % 	
KO'
U 
 & N; GEFFO  20% N  ( /%  
O'
U # /) N9 6 
#6	6L	?Ib 	?DO'
   Il = 1.5mW ! /% -  ! )   
I0 ≈ 0.06mW !  4%   /% ' #/   )/ 
  0 &! )  /    %
%)  % !   %  $  ( /(%'
(    " *   &
   & 
/% %  ) $  Ai  Bi    $ /- 
/%  
( 
 
   !" 
Ai = I0(1 + cos(ϕ + ψi)) NG'FO
Bi = I0(1− cos(ϕ + ψi)) NG'GO
R I0  /%  -    ψ1 = 0 N   ) /O
ψ2 = π/2 N&   ) /O' + / / %)  !
   )    ) $ 
Ci =
Ai − Bi
Ai + Bi
= cos(ϕ + ψi) NG'IO
#!   (  % %)  0
/%  Y'    / /%) (   	
% %)   V+  V− &   $ N ( &  
V+ ] V−   C'G3  ?D3  )  & ( O'
  (Y!  /*  K  /%     
&  %   / ϕ' /%)' G'I   %% 
ejϕ = cos(ϕ) + jsin(ϕ) = C1 + jC2 = C. NG'@O
/&   ) VJFW  /&  %   
 ϕ N 2πO     NC1!C2O!        %
      % ϕ' /$!  &  $ % 
ϕ!   $%       D  % /%)' G'I  /	0	 0
R  $% |∂C1/∂ϕ|  '   &     
&  8 %%'   !  &   ϕ & 8 %"%
 0 D &    	1$  ' + !
!  %  %  / ϕ ) |∂C
∂ϕ
| = 1'
6  $  %  &    &  N 	
   )  O   ' L  ϕ = 2π
λ
(δlent + δrapide)'
9 ϕ = ϕr + ϕl R ϕr  1' %     #  
C = ej(ϕ
l+ϕr)  ejϕl + jej(ϕl)ϕr NG'HO
 8!   Ci  8 %  Ci = C
l
i + ci! R C
l
i  ci  	
&     ! & ci  1'  %  *
 $ )  )   $ )   Ci 
.%   	$  $ C li   .%      .% 
$ ci'    /%)'G'@  /%)'G'H!    R ci << 1  % 
  ) 
ϕr = −j c1 + jc2
C l
= −j c
C l
NG'JO
+     $       %	
  ϕ &   $ $  '  -   
 (   /   )  C  %   %('
VJFW'

      /S% /  (!   %
/% &   & 0        (  
  	

     
 )' +!    $  (  /$  ' # $
  $  /%)  !  $   
!  $    !   $ %)  %% )' 
  $   $ )  $  (  0 8.10−14m/
√
Hz 	
 F;4'  	  F;4!   )   . G'G   0 ?'G;4  
$  E;4  G;4 )   (%)  % %)   $' +
 $ (%)!     $  ?a(  /%)'
101 100 101
10 14
10 13
10 12
10 11
f (Hz) 
 
x(f
)  (m
 H
z 1
/2
) 
 
	 G'G U 1  (  /(%  (   (%)   
*%   )' #   %% %% &   ) .
 )  %K%   ('  *%   
(%)  % %)   $'
($ @'!" 
/*  $  /& 0 $ (%)  4 
 '   *!    / 9 -  4 %(&$  /  4 	
!   %)  &     ,   $
   ( !    % 0 %' #/
     )/  /  %   ( 
/%     $   S'     
$   /  	8 )  $ CDDC!  & /	
  &  "'  & -   / N$ 
  %%O  % %%       "!   & '
6   %% %    $ )' 
  &  $
  %) ( %   &  / &
36,L NVJIW  %(% O' # / .' G'I!   /$  
&% %          K!   
) &  T )     )  .% /(%
( 
 
   !" 
  - %%'   % 	8  0 / /!  ) %&
 ( '
# % %!    /(%    $X
  /!          &$ 
$X `
 .!   &   .' G'I ) /%  .$  /  - 
%       8      (!
  0  )%   '
	 G'I U ( %  %  $ &'
# $ *    $  $ 0 &  /(%
  /*    %   $ )' 6  0 /* 
/%%   $ )  $ /    -$' 

! '  +'
-      )   0
 /%%   $  0        %
&%)  -$'
%  	
( 9    2

      $%  /(%!  ( /
   ' 
  (!     %) VJGW 
 % / ( /  .%     -$! 
   %' # %  %      
.  & S . NGDµm  O    . $ 
  -'   &	0	&  %   % .%   '
+!    %'   )   δv = vB − vA  !  %
 ( &  ) %'  % %   / 
  	

     
10−1 100 101 102
10−14
10−13
10−12
10−11
x(f
) (
 m
 H
z−
1/
2  
)
f (Hz) 
	 G'@ U  *  - /   $  (  /(% 
(   (%)' L  &      %   $'
)) ' /   ) δv   $ $ / 2	
2  )) 4  &'  .' G'H %    &  
)'    %    0 & )  /%& 
&  &  / )  $    $' 
% * &  $ )  %     
%&    %    	'  S% )  
 &   %)     ) / & 
&  0  %' /$  / 0 &  %   
)'
#T  &   ( )%  (   !   %% 
     %   )%'    )  ( %
 /    %    δ&    %'
   %! R        %    ( 
F =
ε0S
d2
δv2 NG'?DO

 $  %  ?D   %   G  
( 1cm2      k = 0.2N.m−1!  (    /
  4  &' 9    %% !  %  
F ∝ Bδv2 NG'??O
R 1     % )  8 %%   %
 $  VJGW' L  0   % (%) χxFext 0 
(Y  Fext' 
   % ! δx   	
 0  &    ) %%  /(%! /	0	
 %  ϕr '   % ) Fext   0 δv
2
!  
( 
 
   !" 
languette
miroir
rayon
rayon
enceinte 
à vide
resistance
chauffante
miroir
fenetre
dS
	 G'H U ( %  / 0 & )   ' 
% & 0  % (%)  %%' /$  
    (          
b	 ) /  %% '
/  ! χxFext  "  0  (  ( χϕrv2 '  
  %)'G'I  G'??
χxFext =
δx(f)
Fext(f)
=
A ϕr(f)
B ∆(f)
= Pc χϕrv2 NG'?CO
R ∆(f)  / 0  (%) f   (%    δv2'
   % Pc =
A
B
 /%)' G'?C  8 % 
  $      0   /%)' BB!  & )
Re(1/χxFext) = k − (m + M)ω2   $   S )) 
N]O' L    (          -$
      &   %'        &
 $  '  /%)' G'?C!  & ) 
Re(
1
χϕrv2
) = Pc (k − (m + M)ω2) NG'?EO

 % Pc!  S  (  "    %  /&  
(  ( 1/[χϕrv2(f)] &  $   S   ))
     Pc (m + M)'
 )  $     % %  
( )%!   %    (  % χxFext'
  )!  ) % &   ?I $   /	
 N$ $O δv   *% ' 
     δv2 
. χxFext '
  	

     
  %   )  %"0 %% &% VJGW' 
 &
$ )!  % %    / ! 0 
%   &! /   $'
( 9  &  "
=;  > 4 "
 .' G'J %     $ )'   
%*% 0  % Tf = 393K'   !   /  $
 !  /-     &' L  %   %
/" %  /%)' G'E   ) Teff = Tf ! /	0	 ) )
 5  &%.%' L & )     $ "%   5'  
% )  $& &  $ &'
10−1 100 101 102
10−14
10−13
10−12
10−11
10−10
x(f
) (
 m
 H
z−
1/
2  
)
f (Hz) 
	 G'J U 1 ) /   -$'  K 	
)  -$ $ 8  $  &  % %) 
5  Tf = 393K'
'  "    '		1

   )! / )  / /  %)&	
 0    %)'    /$    (
0 Tmax = 453K  30min' 
   %      /
( 0 CHH7'  &     128K/min'     %
  4     )'  .  %*   ")/0
Tf = 393K = 0.93 Tg' /     )  %  $
)  % 0 Tf '  .' G'?D % /%&    $' 
  %% -%   (8      & tw'
( 
 
   !" 

  (%) % 0 CD;4!    %  /%& 	
' 
 ! 0 $ (%)!  )     & 
& /%)$' /   )   0  %    % 
K '  -     /   %%
%%'
10−1 100 101 102
10−13
10−12
10−11
10−10
f (Hz)
x(f
) (
m 
Hz
−
1/
2 )
 1600 s 
 3 h    
 19 h   
	 G'?D U %     $ x(f) % 0 Tf = 0.93 Tg 
*% tw'
6   0   % (%)  &  Teff 
&   -     &  5'
 !   %  &   %    
 %)  	 )   % 0 $ % K  
&  $ ) 0   % B + ! - 		
 * %   $ ) B
%# . 	 			
 & (% *% 0  $  %%   ' 6  
&  %&      1$' /   
$  /&  %% ( %% X 0    
' 6  % 0       % (%) 
   $%!   &   Tg!  ( 8 $
/&  $%  /  1%'    %) 
$ )  %% $' / $&%   &
   %)  % %    %)' 
% )  (    0 %'
/ )    /%' 9!    %% 
    5  / - &  )  
 / '
  		
  &  !  & %%!  -   % 
K %   $% &!  -)  %)$
  - &   & -%)   & <' 9
&     %   % & / %  
 %%%  % & %) $%   &  '
9 & /$ % )/ % $     K 	
 NO   &  -!  -$!  %  %%
%)  / (%)'      %&  .
    &   &  *% % /8'
9 &  -%   % 0 /    %
*&! $ )    %  %      $'
/    &  % K  N5O 
  0 -   K )  / !R
  (   %% $&%   &' 
  % %&  %     ' 9 &
% % ) /   &  5  )  
  ) / $  &  '
#       *%    & / -	
 &' +  & % )    % %
   %)  K )     
&! )   ( &  5 %"0 $&%  / %	
% ' 9 & %   )  /&  $&%
 &  5    &  -!  
+   &  
%  ($  /    '
  %  %   % %     	
 %)  $ ) /   -$  
&' 9 & /$ %%  & -   $% 
 (%  92 0  $!   %& / - 	
 & 0 %  $ %) &!    
S% ) /  ' 9 &  %%  % 
%!  %  )/   %&  %& 
K %) / ) / &  -   %
&' #   .    %"0 $&%
   %)'
# %    $  )  )  / 	
)      -$     B  		
 %  &  5B # /   & %)
 &   .    / B
 $  )  %% %    '  	
% -)  &  -!  & <!  &  
     -)  )  %  
/8 $'
?DC
'( '
+ 
 
?DE
  	

     
	 +'? U +. *% ($ $ N%%  
'4O'  % 
  /$  $   ($' L   % 
    %. *% $%    5    %
/.'   .  %%   .   	 0
ED;4   	$ 0 ?D2;4'
$ )  
 
	 +'C U +  /. N%%  
'4O'
  	

     
	 +'E U +. *% ($ $ %%  
'4' #   
 )  %%'  $        ' L
    /     $'
,-	
V?W '#' 2! "#
 $$   
#	  	 	
 N &!
+! ?J@HO'
VCW '  9$! ''  #'  	
  	 
  
 

   	  		
   	 
! ! $! 'JIJ	
J@J! N?JGJO'
VEW '1! '#$! #'   	
  	    


! 	
! $! 'CCE! NCDDCO'
VFW 7'!  '3! ';! '
' 1  
 	
  




!   ! *
! 'ECFE! N?JJHO'
VGW #'+' +! 	  


  
  
! ! !
'?JCF! N?JJGO'
VIW ' ! '&! 		   
 
 !
! 	! NCDDCO'
V@W ,'5"! '7&! " 

 
   
 
  	 


	
	 # $ 	
$  
! ! NCDDDO'
VHW - ! 9 ! % 
	  
    
 !
 ! ! $ 67 ! 'G?GF	G?IC! N?JJHO'
VJW ';!  '3! 3'! '+$! 'L  '
'1! &%
	    	
  
 


  
 	
!  
 " 	""  # ! 'CDI	C??! NCDDDO' N&  %&'(())*+(O'
V?DW '#$! '(	 

  ! 	
    !  $ 
 %	 &
	    
'  (	  )) 	  ** 


'   &
'  +	
' , - ./ 0 
V??W +'7' ! 	
  	 )**"   	 

	 

   
!  #"" ! ! '?F@?	@G! N?JG?O'
V?CW ';' #! ' 5$! "    
   
%

!   ,/! #! 'FG?	FI@! N?J@?O'
V?EW ' -! ';' ! 
',' $ 	
  
		  %

  	    

% ! 1	
! ! 'GGF	GG@! N?JJHO'
V?FW '' Z! 
'^'+! "  
 


!  .! $! 'JIG! N?J@GO'
V?GW 722!      
 

! ! $! '?@JC!
N?J@GO'
V?IW 1'! +   # 	     
 
 !
! #$! '@J! N?JHDO'
?D@
  	

     
V?@W ' #! ' 7! 	 	  	 , ' -

  . +  

 !   ! 
! '?@E! N?JJEO'
V?HW ' #! ' 7! ' 
! ' )$ 	 	  %
	 		
  

	
 	 
 
!    $$! ' EHJH N?JJ@O'
V?JW ''#! '7 , 	 	%% (	  	
	%/0	0 ! #! ! 'G@FJ N?JJFO'
VCDW ''#! ''!   
	  
 
%

 !
#! *! 'FC?E! N?JJGO'
VC?W '
' 1! ' ' #! ' 7! ' %4! ,	  

   


  	 

 

	
!   ,
	  -&
 .	
!  +'
'  N ^ .!  ?JJHO' N  	
aJ@DCD@DO
VCCW ' #! '	 		
 	  !    	 
		
 "# //! ' ;   ! +' 6' 
-' #(' 
' (  ?JJH
1 + ! 	aJJDECGD
VCEW ' #! ' 7 10 	 0  % 
 



!   ,/ ! 
! 'GD?! N?JJGO'
VCFW ''  ,! 
' 4! 2  	
! N&! ?JHFO
VCGW ^' 7$! ' ' 1!  	
   . 3
 

!   !
*! 'FGH? N?JJ@O =
VCIW ' ' 1! ^' 7$! 		 

	 	    .%3

	
" ! $( FI! 'IE@ N?JJJO'
VC@W ,' 
! ,%' 		%-

	 +	   



  ! ! 'EIID N?JJ@O'
VCHW ' 1! ' ' 1! ' 7! "%	
 

$ 	 		 

  !  !
! GFIF NCDDDO'
VCJW +' 1! 	%& 
	
  	 	  	 )		%

	
	   	 


!  ! $! ' EICJ N?JJHO'
VEDW '
'1! 10 	 0    
 

	
! 
2 .
! ! '?@DG! N?JJCO'
VE?W #'! '
'1 
  	
  

 !  #!
! 'EHF@	EHIJ! N?JJIO'
VECW +'1! '%4! 4
 
 
   		 ! 	
 
"%	 2! $! 'JF?	JF@! N?JJGO'
VEEW ' ! 
'! ,
   )		%

	 	

 	 		
!   ! **! 'GDIDE! NCDDCO'
VEFW 
'! ' ! 
'- 		%

	 	
  	 	%
	
  
  % 

	
!  3  ,! 
#! '?IHE	JI!
NCDDCO'
VEGW '! 5
   	 )		%

	 	  	 	
%
	 	
  	 
! 445'
9:;< 
VEIW +'#! ' 			  

 (	     %
 
	
 
   ! )554'
VE@W ^',c4! 
	
  
		 

 	
	$ .
$ 6  

 	%

	! (' %	'  6	! 9 ;! N?JJ?O'
VEHW '
'1! ''#! '7! '%4% (%
	
$ 

 	  
 

	
!  #! ! 'CFE	C@E! N?JJIO'
VEJW ;'! ,  
  787 
 	   %
 !  #! ! '?FC?! N?JJIO'
VFDW +' 
%4	! '! '' $ ,  	 	  	 )		%


	 	  

	
 	 		 
! *78'
VF?W ' 1!0	

		 	 #1	 	2 	  3& 

  9  -!NCDD?O'
VFCW +' 1! 4	
	 	 	 
 #	  
	 	 		 	  

 &% 
 36! N?JJIO'
VFEW 5' ' ,! 9' 6*! ,
	  		%-

	%" 9%
	
   		 

!   ! *! 'GDEH N?JJJO'
VFFW ' 1! ' #$! #' ! 9	  )		 

	 	
 	 	    

!	
" !# NGO! IE@ N?JJJO'
VFGW '1! '#$! '(	 
	  )		%

	 	 
	  

!  ! 
*! 'ECG! NCDDCO'
VFIW ' ;%! ' L! 		%

	 	   
 

  	 
!   ! **! CG@CDC NCDDCO' N&  &'5))*678O'
VF@W ' ;%! 

  	
  )		%

	 
    
!
 ! &%  
 b6! NCDDCO'
VFHW  ' ! ,' 
! ' 	5! ' ' 4	4! 9	  	
		 -

	 "  	 -
  


!   # 3
, 9!
! 'CI?? N?JJHO
VFJW  ' 3 ! 9'  ' 6*! -	 
	   		 
	 

 	
	! 1	
! #,*!IJG NCDDDO'
VGDW ^'7'7! +'& 1 -	 
	   		
 
: %
 



! ! *! 'CJD! NCDDDO'
VG?W ' #! ;' 1! 3' 5! 
' 1! ' 4-! -	 
	 
 		
  : %
 



!   3 
,
! 
$! 'CG@! NCDDEO'
VGCW ;' 1! 3' 5! ' !  #! 			  %


)		
  	 
    
! 	& 
VGEW  '' ^2! '+' ^4 4	
   	
 
  	 %
 

 	
	! ! *! 'JG@DF! NCDDCO'
VGFW  '' ^2! ' '# -	 

	     

!  
 ,! 
$! 'EGJ	EIG! NCDDEO'
VGGW  '' ^2! '+' ^4! 
  	  	 
	  	 :


 	
	!  ! *#! 'EI?! NCDDCO'
  	

     
VGIW +' ! ' 	5
 
	  	  
 #
)		%

	 	
$ 	 		  		
! 
*)47
VG@W ;' ' #! #' #! ' #! ' 
' 7 	
  

 


! 77**)*
VGHW '1! ; 
	

$ 		
  		 


  
	 

 %
	
*!    ,! 
$! 'JEE	JFE! NCDDEO'
VGJW 5'' 2! 4	!  
  &:! C(9 @'	!
		! 'EIE! NCDDEO'
VIDW #',' $! ,' ' ^2!. 	  (	  
  %
	  		 
	! ,
 	  ! EJGF NCDDDO'
VI?W '! '1! 
'2! +'! " '(

 1  	 -%
	 .

  

%
 #  3%
	 	%+(	 <! !
*#! 'GGID! NCDDDO'
VICW ' &!  ' &! '' ! +'' !9 
	 (	  	


 	
   ! 
 NFO! II?! NCDDDO'
VIEW ' A! &	=
	 	 =
	   =	  =
	 

!
 
  >=		 
!"9 	 /:; )((8'
VIFW ' 1! ' 
' 1!	 
	
    +?	 
	 
  

 #  2 	!  !  	aDCDCDIJ&?
VIGW ' #! ' -! ' #' 1! ' +' ^4!5
  	
  	

		  	  
!   ! *#! CC@G NCDDDO'
VIIW '
' 1! ' ' !   4
>
 	!   2 .
! $! CIG N?JJGO'
VI@W +'' 7&! . 		 
	   
 !
 
! 	
 
; " 
 ! ,! '?E?	?F@! N?JGHO'
VIHW  ''1! '
'1! ''*! #', " /
 	  



! 8'
VIJW '! '! /
 	
    ! 55*'
V@DW      2 (  +$$! 
'L 1 C! #	
! 7'
V@?W '''  #&!  '54! '	
';! :
	 "&<
=
	#   >$	&	= 	
  ?

	 
#!  ! 
! '?IEF NCDDDO'
V@CW '^'5! '5'1Z! " 	  .	  	
 
 
%


!      2
; ! 
$
! 'CEI! CFE N?JJCO'
V@EW +'! +'&! 
'&4! % 	
	  : 



 

	 	
  .	! .
 	! 
,
! 'C@G	CHG! N?JJGO'
V@FW +'! 
'&4! .%	 	  	 
 


! 
 ! $! 'FHH@	FHJD! N?JJHO'
V@GW +'! +'&! '$!  '%! 
'&4! 4
   %
 


  
	  	
 #  	
$ 
		$
   	 



! /	
! 

! '?JFC	?JGD! N?JJGO'
9:;< 
V@IW '&! ' ! '$! 5'>$! 5	
% 
% @%
 
		  
		  


!     	
; # 3 
/#"! *! '?JE	CDE! N?JJFO'
V@@W ' ;! " 	   
! NL(  
$! ?JHJO
V@HW '7-! ' &2  ' 7&! 4
  '	
	 	 C  ' N^	
-! ?JJEO'
V@JW '7! ,' ;' ^! ' 2! - 	 
		 
	
  	 
%
	
	   


  
	  	
!   ! $# ! '?!
N?JJIO'
VHDW '1! ;'7-! ;'52! ,' ^! '! .	 # 1	 
 	 %
 	     

 <! /	
! 
$! '@GEF	EI! N?JJJO'
VH?W '1! 1'+$! ;'52! '5! '! .	 #   
 %
?	    

!   ! *! '?G@D?	F! NCDDCO'
VHCW 1'+$! '1! '!  
   : 

  .	! ! !
'	! NO'
VHEW 5'9<! '#! .	 		  	 

  .	! /	
! 
!
'H?HJ	JE! NCDDDO'
VHFW +'7$! '1! '
' ! 3' 3*! ')! '';'  %
  .	  	 



! 	
" ! $! '@E	@J! NCDDDO'
VHGW 3' 3*! '! ')'  : 



 		   ?%
	  
	 	 <! *7! NCDDCO'
VHIW +'&' '	 
 =!
  (	 

=
   	
	 	
!
 ! N?JJ@O'
VH@W ' 1' 9

	 
 

	!
 	( 	 	 )		%

	
 ! CDD?'
VHHW 9','#! 1' '! , =^ 
	  	 	
  


! 
! 'CEH	CJJ! N?JI@O'
VHJW 7'2! '!  -! +';! ;'-"! -
  α  β %



  	  
 # A 		B  A	 		B !
  ! #! 'DG?HD@! NCDD?O'
VJDW ;' 9-)! " 		  	   	
!  ! !
'??D	??E! N?JCHO'
VJ?W '1' ! " 		  		  	
!  ! ! 'J@	
?DJ! N?JCHO'
VJCW '!  '(4! "=  >=
		=!  ! ! '?CD! N?JI@O'
VJEW ,'92! 	=!	 =	  
 
=
! 	
  "
%	! 
! 'J	?E! N?JGFO'
VJFW '1! '#$! ;'1$2! ',- -	 		 	 
( 	
	! <" 	! ,! 'FJ	GI! NCDDCO'
VJGW '1! '1! '#$! '34 C  
	

 	! !
; = 2
	! ! NCDDCO'
  	

     
VJIW ,'! ,'#!  '#! '$$! ,',! '44! '!
'3! ';Z-! '
! ,'1! '1! #'1!
'#&! '#! ,'#! 3'! +' 3! '! '!
+',! +',4! 6'! 
' 
! '! 5'4! +'!
'! '
! +'
)! '
)! '
! '5!
+'3/! >'>
	 	  	  



  	 9+, 		  	%
	  		! 2
	!  ! 'EIGE	EII?! NCDD?O'




=# !( ,%!+#* ( )**+# ( +!, ),1 !  *0#*'> # )
( %#  ) $,1  !! !*! # #'(# # +%! 3$) Teff %' $
26+  *+# 7' !"*-  #')** ')*  + ) * %%' ?$'#
(%'#-
 + ( Teff  * %'%!! (!*$" (0# ) %'*2+!" @%'*2$'#A %6
# +% ' * +%! ( #'# ) +'# " * 7!'6+ ?$'# (%'#
  '+# )'*!- 0+%*(  * %#$ (# * +% ( $ )'*'# '# (  '#$'#
(!$'# ( *  !"#$- ' (  <B1 ** % %* 7- 0'># ( * )'*'#
+* & (  # (2#+"  '+# #+# $$!! % ( >#( ?$'#-
 #+#$ +* (!%#( ( * ) ( +%  ( * +%! (0&- =# #4
%!'# 7!'" !  * +'(6* # %6> %+ ( #( $'+% ( $ (2#+"-
=# $'+%'+# #+# 6 +*  !! ')! %' # ) $'**'C(* @%'#A
%#(# * #'# ( *0! *"(  *0! '*( *' "0$# )'*'# ' #+#$ #0'# !!
')! %6 # +% *# !*!  #  ) %'*2+!"1 * %'*2@+!72* +!7$2*A
@;

A-
.' %!#'# !>*+# # + +!$#" %!*+# ( * *'# ?$'# (%4
'#  # > ( %'*2$'#  *0( (0# # !'+6 ( .'+D  (, -
	
  E1 )**+#1 %'*2+61 #+#$1 + ( 1 26+ 7' !"4
*1 *'# ?$'# (%'#1 +%! 3$)1 %'*2$'#1 ;

1 %'#-


# ,%+#* (2 ' >#> # >*2 +*1 ( '# 7 #*'>2 F# %# >* #(
$* >*1 7 # *B( #'($#> # 3$) +% Teff ' 7 FD*2 ' ' 
"*+ 2+- 7 #F ')*  +( F7 7 ?$'# (%'# '-
7 ++# ' Teff '# 7 (*$$ %'% '  %'*2+$ >* @%'*2$'#A  
 "#$7 *'F 7 >* +% #'# 7'F 7 7 ?$'# (%'# 7'+ 
'#>*2 )'*(- 7 +%*( #( 7 %#$ + ' 7 )'*'#  ($#>  #$'# ' 
 "#$2-   "#$2 *> 7#  <B  %  ' '  7'- 7 '># ' 7 )'*'#  
7>7*2 #+# (2#+$ $7$B( 2 *> ?$'#- 7 #+#$2 + ' (%#(
'# 7 $''*#>  #( 7 '% +%- 7 (2#+$ + '  # >''( >+# F7 
7'$* #%'# ( '# 7 % +'(*-
	+* #+# 7)' 7 # +(  '  $'**'(* >* @%'#A (#> 7 '*4
>* #'# F7 #' )'*'# #( #' #+#$2 7) # ')(    *'F $''*#> 
"#$7 *B( '# #'7 %'*2+$ >*1 %'*2@+72*A +7$2* @;

A-
G %# *'  %*+#2 +$7#$* ++# ' 7 ?$'# (%'# *'# '#
 %'*2$'# '( ) # '>#* F' + .'+D # '+-
	  :*1 >#>1 %'*2+1 #+#$21 #' ++#1 ' ' "*+ 24
+1 ?$'# (%'# *'#1 3$) +%1 %'*2$'#1 ;

1 %'#-
